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Abstract

The growing demand for sustainability in the recent decades has driven the exploration for new
supplementary cementitious materials (SCM) such as the non-ferrous metallurgy (NFM) slags. In this
study, the hydration of an iron-rich NFM slag incorporated in CAC-PC-calcium sulfate ternary binders
was investigated. The dimensional stability of mortars demonstrated the contribution of the slag addition
in mitigating excessive expansion while maintaining an acceptable mechanical strength over 180 days.
The degree of slag hydration estimated with X-ray Computed Tomography (XCT) support the activating
effect of the PC, while isothermal calorimetry, XRD, TGA and ATR-FTIR were used to delineate the
evolution of the phase assemblage. Finally, TEM-EDS revealed the incorporation of Fe in hydrate gels
grouped into two clusters according to a Ca-Al-Si ternary diagram: (1) Al-rich gels in the formulation

with no PC; and (2) intermixed hydrate gels associated with Ca, Al and Si in the formulations with PC.

Keywords
calcium aluminate blended cement, slag hydration, CAC, SCM, TEM-EDS, ATR-FTIR, hydrate gels

1 Introduction

The ternary binder consisting of ordinary Portland cement (PC), calcium aluminate cement (CAC) and
calcium sulfate (C$) is primarily used in rapid repair applications such as in tile adhesives and self-
levelling underlayment (SLU) [1-3]. The rapid setting, fast strength development and shrinkage
compensation properties are associated to the ettringite formation in the first hours of hydration resulting

from the immediate reaction of monocalcium aluminate from the CAC and C$ [4]. In high volume

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
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applications, the incorporation of PC is essential in contributing to the long term strength properties [5]
while reducing the total cost [6] of the binder.

Previous studies [4,6—8] in such ternary binders have provided a fundamental understanding of the
hydration mechanism governing the system. Bizzozero and Scrivener (2014) enumerated the hydration
reactions and discussed their kinetics by following the phase assemblage evolution over time [6]. Their
study demonstrated the formation of ettringite and gibbsite, principally in the early days, from the
hydration of monocalcium aluminate and C$ according to Equation 1!. PC could further contribute to
this initial ettringite formation by providing additional Ca** ions in a reaction described in Equation 2.
When sulfates are depleted, the conversion of ettringite to monosulfoaluminate could be triggered in a
system where aluminates are still abundant (Equation 3). C-S-H can also be formed from the hydration
of the main phases of PC along with other minor components (i.e. hydrogarnet, stritlingite,
monocarboaluminates) in the later hydration age. Additionally, the studies by Torréns-Martin et al.,
(2013) and Nehring et al., (2018) highlighted the significance of the CAC/C$ and PC/CAC ratio not

only in defining the hydrate phase assemblage of the system but also the kinetics of hydration [7,8].

3CA + 3C$Hy + (38 —3x)H — C3A-3C$- H3, + 2AH; Equation 1
Equation 2
3CA +9C$Hy + 6CH + (90 —9x)H — 3C3A-3C$- H;,
Equation 3

C3A " 36$ " H32 + 2C3A + 4H - 3C3A " C$ " H12

Despite numerous studies relating to this ternary binder system, the preceding investigations mostly
explored PC-rich formulations typically representing between 70-85 wt% of the binder in the dry mix.
Although a PC-rich blend is perceived to be more relevant to the industrial high volume applications
primarily due to cost considerations, the adaptability of CAC-rich blends remains beneficial in
specialized applications along with a conceivable environmental advantage. For instance in self-
levelling flooring applications, CAC-rich dry mixes could be developed to better maximize the self-

drying? capacity of the CAC component [9]. With this property, there is a shorter waiting time dedicated

! Cement shorthand notation used for Equations 1-3 : C: CaO, A: Al>0s, $: SOs, H: H20. Also, x is equal to 2 for gypsum,
0.5 for hemihydrate and 0O for anhydrite
2 The ability of the binder to fully consume the mix water for hydration, in this case, related to ettringite formation
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for the evaporation of the excess mix water prior to flooring installation. While in terms of sustainability,
a Life Cycle Assessment (LCA) comparing blends for SLU flooring mortars [10] has previously
demonstrated that CAC-rich ternary binders could yield lower carbon footprint as opposed to an
equivalent volume of PC-rich ternary blend while maintaining a comparable strength performance.
When added in lower proportions (10-30 wt%), PC could be a mineral activator for slag (GGBFS) in
CAC systems [11,12] not only by increasing the alkalinity of the pore solution but also by contributing
ions that can influence the formation of hydrates. Thermodynamic modelling indicates pH values greater
than 12 in pore solution of typical PC hydration [13]; whereas a pH less than 12 is expected for CAC-
dominated systems even reaching 10.5 with excess C$ [14]. It has been reported [15] that a more stable
ettringite is formed and GGBFS dissolution is increased at pH values greater than 12. Furthermore, the
addition of PC contributes ionic species, such as Ca**, AI(OH)* and SO.*, that can influence the
formation and stability of hydrates [14] and the dissolution of the slag [15].

There has been no previous investigation on the incorporation of non-conventional SCM such as non-
ferrous metallurgy (NFM) slag in a CAC-rich ternary binder system for which the environmental
benefits could be further maximized. To address this growing trend on the valorization of industrial
residues [16,17] in various applications particularly in cement binders, the preceding publications
[18,19] of the authors introduced the properties of a CAC-rich binder incorporating an iron (Fe)-rich
slag as SCM. These studies confirmed the long term reactivity of the slag (>28 days) with a hydration
degree reaching up to 49% after 1 year of curing quantified using X-ray computed tomography (XCT)
[18] . Despite the successful preliminary study, obtaining high early (<28 days) strength remains critical
in CAC fast-repair applications prompting the challenge on improving the kinetics and the overall extent
of slag hydration. Consequently, a better understanding on the hydration reactions governing the slag
hydration is warranted with the ultimate goal of establishing an effective activation technique. While on
a theoretical perspective, a deeper investigation is also oriented towards demonstrating the fate of Fe,
the main component of the slag, during the hydration.

This study is directed towards bridging the aforementioned gaps while providing a novel outlook on the
use of an Fe-rich slag coming from a lead-zinc plant in CAC-based binders incorporating PC. Three
formulations containing 30 wt% of the slag were prepared with varying CAC/HH ratio and PC content.

3
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First, the mechanical strength (EN-196-1) and dimensional stability of these formulations were followed
over time. The slag hydration degree was then quantified using XCT while the phase assemblage
evolution was characterized using XRD, TGA and Attenuated Total Reflectance — Fourier Transform
Infrared Spectroscopy (ATR-FTIR). Finally, the fate of Fe during slag hydration was deduced based on

Transmission Electron Microscopy (TEM).

2 Materials and Methods

This study utilized the same batch of raw materials from a preceding investigation, Astoveza et al., 2020
[18]. An Fe-rich NFM slag originating from a pilot-scale testing in a lead-zinc plant was added in dry
mix formulation of CAC (Secar® 51) and calcium sulfate hemihydrate (HH, Prestia Selecta). The slag
is 92 wt% amorphous balanced by 8 wt% wiistite (FeO) in the crystalline fraction. The CAC is
dominated by monocalcium aluminate (CA) comprising >60 wt% of the mineral assemblage while the
minor components include gehlenite (C,AS), belite (C.S), perovskite (CT) and spinel (MgAlOs).
Similarly, Millisil E400® is used as the “quartz filler” in the reference formulations to distinguish the
physical effect of the slag substitution. In addition to these materials previously characterized in the
aforementioned publication, a PC (CEM I, 52.5R Milke® Premium by Heidelberg Cement) was
included in the new binder system investigated in this study. The chemical composition of the raw
materials presented in Table 1 was measured using semi-quantitative Bruker S4 Pioneer X-ray
fluorescence (XRF). The density was measured through helium displacement using the Micrometrics
AccuPyc II 1340 pycnometer system. Particle size distribution and specific surface area presented in
Table 2 were determined using the Malvern Mastersizer 3000 laser diffraction system and both a semi-
automatic Blaine Air Permeability Apparatus and the Micrometrics BET Tristar 3000, respectively. The
XRD pattern of the PC used acquired using D8 Advance X-ray Diffractometer (XRD) from Bruker
coupled with LynxEye detector is shown in Figure 1. A scan ranging from 5 to 80° was made at the 20
using CuK, (1.54 A) radiation and a step size of 0.02°. DiffracEVA and TOPAS software were used for
the phase identification and quantification of the raw materials’ composition, respectively. The

amorphous content of the raw slag was determined by applying the method described in Srodon et al.,



108 2001 [20] where 10 wt% of analytical grade zincite is added as an internal standard during sample

109  preparation.

110 Table 1 Assay and density of the raw materials used where “— " indicates the absence of
111 measurement due to their anticipated negligible value, while “<dl” indicates that the measurement is
112 below the lower detection limit of the device (modified from [18])
quartz
slag PC CAC HH filler
Density, g/cm® 3.67 3.11 3.02 2.64 2.66
Amorphous content, wt% 92 — — - -

Chemical composition, wt%

CaO 13.6 67.1 37.7 41.7 <dl
AlLO; 5.2 3.9 52.3 0.1 <dl
SiO; 28.1 20.9 4.9 0.8 99.8
FeO (slag); Fe,O3 (others) 41.4 1.4 1.8 0.1 <dl
MgO 2.4 0.7 0.4 0.1 <dl
SO3 0.8 4.3 0.2 56.5 <dl
K,O 0.7 0.8 <dl <dl <dl
P>0O:s 0.2 0.1 0.1 <dl <dl
Na,O 4.3 0.3 <dl <dl <dl
Cr,03 0.1 <dl 0.1 <dl <dl
CuO 04 <dl <dl <dl <dl
ZnO <dl <dl <dl <dl <dl
Others 2.8 0.5 2.5 0.7 0.2
113
114 Table 2 PSD and specific surface area of the raw materials (modified from [18])
Particle Size Distribution (um) Specific Surface Area
d10 dso0 d9o Blaine (cm%*g)  BET(m?g)
PC 0.9 8.5 25.3 3412 0.992
slag 1.1 7.9 50.5 4370 1.352
CAC 1.1 11.6 52.3 4270 1.019
quartz filler 1.2 12.4 40.6 4580 1.118
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Figure 1 XRD pattern of the raw Portland cement (Milke premium 52.5R by Heidelberg Cement)

following the abbreviations: alite (CsS), belite (C,S), tricalcium aluminate (C3A) and gypsum (Gyp)

The ATR-FTIR measurements were made using Bruker Alpha-P spectrometer with diamond crystal.
Each measurement (average of 3 runs per sample) consisted of 32 scans with a resolution of 4 cm™ and
a range from 380 to 4000cm™. The raw results were expressed in transmittance and were then converted
to absorbance for the analyses. The measurements presented in Figure 2 demonstrate the complex
spectra [21] of the CAC consisting of Si-O (around 1030 and 415 cm™) and various Al-O peaks (between
521-786 cm™). On the contrary, the slag only shows Si-O-T (where T could be Al, Fe or Si) asymmetric
stretching vibrations of the mode v3 (900 cm™) and Si-O-T asymmetric bending vibrations of the mode
v4 (rocking) at 470 cm' similar to the characteristics of the Fe-rich slag presented in Siakati et al., 2020
[22]. The HH spectrum shows distinct S-O peaks at: 1150 and 1115 cm™ (mode v3), 1006 cm™ (mode
v1), 653 and 593 cm™! (mode v4); and O-H peaks at 1620 cm™!, 3660 and 3550 cm™! (mode v2, v3 and
v1 respectively) [23]. Finally, two main peaks are manifested by the raw PC sample at 880 cm! and
520 cm™! attributed to the overlapping double peak of Si-O asymmetric stretching vibration bands of

CsS and CsS [24].
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Figure 2 ATR-FTIR spectra of the raw materials

Three formulations incorporating 30 wt% slag and a varying proportion of PC, CAC and HH shown in
Table 1 were investigated in this study along with their respective reference formulations. Formulation
(A) 1.6CAC-HH is a ternary CAC-HH-slag binder similar to the slag-containing formulation
investigated in the preceding publications [18,19] but with a lower CAC/HH ratio (from 4.5 to 1.6). On
the other hand, formulations (B) 1.6CAC-HH-30PC and (C) 4.5CAC-HH-30PC are quaternary CAC-
HH-slag-PC binders both containing 30 wt% of PC but with varying CAC/HH ratio at 1.6 and 4.5,
respectively. The selection of these mixed designs aimed to simultaneously represent low and high
sulfate systems, evaluating its impact on the hydrate phase assemblage and its influence on the reactivity
of the slag. It was decided that 30 wt% of slag addition compromises the expected reduction in
mechanical strength observed in previous investigation [18] while still being significant enough to

demonstrate a discernible influence, if any, especially on the chemical properties of the binder.
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A constant amount of citric acid was used as an admixture in order to delay the setting thereby providing
the needed time-window to place the mixtures in the molds. A study by Nguyen et al., (2019) reported
that the addition of such low amount of citric acid (0.1-0.5 wt%) has no clear influence on the phase
assemblage evolution throughout the cement hydration [25]. Paste formulations were prepared in a batch
of 100 g dry mix formulation using a water to binder (w/b) ratio of 0.6. Mixing was performed for 2 min
using an electric agitator at 250 rpm directly after water addition. The mixtures were then proportioned
into smaller 30 ml molds individually designated to represent a curing time, sealed and agitated in a
Turbula® mixer for about 7-8 minutes until the initial hardening. This protocol aims to hinder
preferential segregation of the high density slag at the bottom of the containers, thereby promoting
representative sampling for the subsequent analyses. Addressing this problem with agglomeration of
slag particles during curing was discussed in the authors’ preceding work [26]. The samples were left to
age in their sealed containers for 1, 7, 28 and 165/180 days in a 20°C room. At each predefined curing
age, hydration was stopped through solvent exchange using isopropanol as described in the previous
publication [18].

Mortar samples for mechanical strength test were prepared following the same formulation as the paste
samples (Table 3) for the binder component albeit using a w/b ratio of 0.5 and following the EN-196-1
protocol for making standard mortars. After curing for 24 h in a chamber with 20°C and 95% relative
humidity, the mortars were demoulded and cured under water using individual 20 L plastic buckets each
containing maximum of 3 mortars of the same formulation. The containers were filled with deionized
water, sealed and stored in a 20°C (AFNOR) room. Moreover, reference mortars (cement and filler
reference) were made following the formulations presented in Table 3. The compressive and flexural
strength of the mortars were determined according to the EN-196-1 standard after 1, 7, 28 and 165/180
days of hydration. Using the strength values obtained from filler-replaced mortars as the reference, the
“deviation from the filler reference” was calculated as the difference between the strength values of the
slag-containing mortar and its corresponding filler reference divided by the former. Expressed in
percentage, this value could be one of the possible indications of slag reactivity while distinguishing
the “filler effect” [27] advantage to strength evolution with the SCM addition. For the same standard
mortar samples cured under water, length variation was followed over time using an extensometer

8
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having installed gauge studs during moulding. Additionally, Walter+Bai shrinkage test (device type
SWG-H-400) was performed on 70 x 70 x 70 mm? (initial length 400 mm) triangular prism mortars to

follow the dimensional variation of the three formulations over 100 h of air curing at 20°C.

Table 3 The paste composition (in wt%) of the three slag-containing formulations investigated in this
study along with their corresponding reference formulations. The cement reference contains no slag
while the filler reference utilized the equivalent volume of quartz filler to replace the slag. Both of

these references preserve the ratio of the CAC and HH components as shown.

quartz citric CAC/HH

formulation slag filler acid PC CAC HH ratio
slag-containing
(A) 1.6CAC-HH 30 0 0.3 0 43 27 1.6
(B) 1.6CAC-HH-30PC 30 0 0.3 30 25 15 1.6
(C) 4.5CAC-HH-30PC 30 0 0.3 30 33 7 4.5
cement reference (no SCM)
(A) cement reference 0 0 0.3 0 61 39 1.6
(B) cement reference 0 0 0.3 43 36 21 1.6
(C) cement reference 0 0 0.3 43 47 10 4.5
filler reference (with quartz filler)
(A) filler reference 0 24 0.3 0 47 29 1.6
(B) filler reference 0 24 0.3 33 27 16 1.6
(C) filler reference 0 24 0.3 33 36 8 4.5

The degrees of slag hydration after 28 and 180 days of curing derived from a combination of XCT
(Phoenix Nanotom S, GE Inspection Technologies X-ray computed tomography system) and volume
analysis (Bruker CT-Analyser) are deduced after following the methodology detailed in the preceding
publication [18]. This technique calculates the degree of slag hydration by associating it to the change
in the total volume occupied by the slag particles as hydration proceeds. This methodology assumes that
the dissolved slag completely participates towards the formation of hydration products. A 3 x 3 x 3 mm®
cubic volume inside each hardened paste sample is selected for the scan operating at 90 KV and 170 pA
with an isotropic voxel resolution set to 2.15 um. For this technique, the hydration of the paste samples

is continuous (no solvent exchange) in an attempt to follow the dissolution of the slag particles
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consistently in the same volume. It must be noted however that in this calculation, the base value (zero
reactivity) used was the total slag volume obtained at 1 day. This means that any slag dissolution during
the first 24 h of hydration is assumed to be negligible supported by the observations from the preceding
publication and therefore not accounted for in the quantification.

Early hydration reactions were characterized by following the heat release during the first 7 days of
freshly mixed paste samples through isothermal calorimetry (TAM Air, TA instruments) at 20°C. Long
term hydration was examined using XRD and ATR-FTIR of hydrated paste samples following the same
parameters described earlier for the characterization of raw materials. In addition to above, the evolution
of the hydrate phase assemblages is followed through thermogravimetric analysis (TGA) under N>
atmosphere from 30°-900°C heated at a rate of 30°C/min using the Mettler Toledo TGA/DSC
Simultaneous Thermal Analyzer. Bound water content is assumed to correspond to the water loss
measured between 50-500°C. Finally, a CM200 transmission electron microscope (TEM) equipped with
an EDS Si (Li) EDAX system was used to examine several individual phases in the goal of
characterizing the hydrate phase/s incorporating iron, the main component of the slag. For the sample
preparation, the finely ground (<100 pm) powder of hydrated pastes after solvent extraction was
dispersed in acetone solution. A droplet was extracted from the dilute suspension and placed on a 3 mm
(diameter) grid with carbon film and allowed to dry. The fate of iron in these formulations is expected
to provide an initial outlook on the hydration mechanism of similar Fe-rich SCM in CAC-based binder

systems.

3 Results and Discussions
3.1 Physical properties

The mechanical strength (primary axis) of the standard mortars and the percentage deviation from their
corresponding filler references (secondary axis) are presented in Figure 3. As expected, the lower
amount of cement in the SCM-containing mortars has generally resulted in reduced strengths relative to
their cement references, especially in the early days of hydration. However, this gap versus the cement
reference is diminished over time for the slag-containing mortars which could be perceived as one of

the indications of the slag’s reactivity at long term. On the other hand, the rate of strength increase versus

10
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the filler references could signify the potential role of the slag in the first 7 days of curing beyond that
of an inert filler. The slag-containing binders are able to display rapid setting and hardening properties
while attaining compressive strengths of more than 20 MPa just after 1 day of curing, and reaching as
much as 50 MPa after 28 days, all while containing only between 40-60 wt% cement (PC and CAC).
This could already be considered as a remarkable performance given that: there was no extensive mix
design optimization performed to determine the ideal proportion of each component; the w/b ratio was
kept at 0.5 to follow the EN-196-1 standard; and that the admixture used was limited to citric acid.
While this progression continues towards 28 days of curing for the PC-containing formulations (B and
C), the rate of strength development of the formulation without PC (A) stagnates as opposed to its filler
reference. This can be associated to the rapid strength development property of CAC-dominated
formulations whereby the final strength can be achieved even as early as after 1 day of curing [7,28].
Another study [6] on a similar ternary (PC, CAC, calcium sulfate) binder system, reported that PC is
less reactive in the early hydration and only contributes to the long term strength and thus the continuous

trend even beyond 28 days of curing.
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Figure 3 On the primary axis: the evolution of (a) compressive strength and (b) flexural strength of

standard mortars where error bars represent standard deviation among 3 mortar samples. On the

secondary axis, the percent deviation of the measured strength of the slag-containing formulations

versus their corresponding filler reference. The strength values of the slag-containing mortars are

shown in red font for emphasis.
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Figure 4 Dimensional stability of the three formulations measured using the Walter+Bai shrinkage
test for air-cured samples during 100 h of hydration at 20°C. The insert graph provides a closer look at

the trends during the early hydration

The highest rate of strength development among the slag-containing mortars relative to their respective
references was attained by formulation B. On the contrary, this high sulfate ternary binder also yielded
the highest expansion degree during the dimensional stability (Walter+Bai) test shown in Figure 4. Over
expansion was observed in the references of this formulation which led to the disintegration of the
mortars. It is important to mention that after approximately 30 days of curing under water, macro cracks
started to appear on the cement reference of formulation B and these progressively became more
apparent at later ages. The length variation of these mortars are presented in Figure Sb below. Both the
reference mortars (no SCM and filler-replaced) manifested excessive expansion at later curing ages
eventually making it impossible to perform further measurements for dimensional stability and strength
test on these samples. On the contrary, no visible macro cracks were noted for the slag-containing
mortars even beyond 45 days of curing under water. The slag appears to marginally mitigate the
destructive expansion mainly resulting from the hydration of the more reactive components (CAC, HH
and PC). Nevertheless, the low CAC/HH ratio (1.6) of the formulation B in combination with the
selected proportion of the PC is considered to fall within a high risk zone for destructive expansion. This
supports the importance of optimizing not only the CAC/HH ratio but also their proportion to PC

similarly suggested in previous studies on ternary PC-CAC-calcium sulfate systems [6,7,28].
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Unlike formulation B, formulations A and C demonstrated better dimensional stability during the
Walter+Bai test. Slow progressive expansion spanning throughout the first 35 h of hydration was
observed in formulation A. The higher HH content corresponding to the lower CAC/HH ratio of
formulations A and B effectively prolonged their setting time (additional =14 minutes prior to final set).
Conversely, the higher CAC content in formulation C resulted in rapid setting with the maximum

expansion and dimensional stability already attained just within the first 2 h of hydration.
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Figure S Length variation of standard mortars for the three formulations (with slag) and their
corresponding reference mortars: filler reference (with quartz filler) and cement reference (no SCM)

cured under water at 20°C
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3.2 Degree of slag hydration

After 28 and 180 days of hydration, the degree of slag hydration estimated using a combination of XCT
and volume analysis is presented in Figure 6. In the first 28 days of hydration, the general trend shows
that the slag appears to be more reactive in the formulations containing PC (B and C) reaching as much
as 17.4%, twice as high compared to the original formulation [18]. This confirms the contribution of the
PC in improving the reactivity of the slag, which could be linked to the increase in alkalinity of the
system [11,13,14] and to the additional ions released (predominantly Ca*") that could influence the

hydration [12,14,15].
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Figure 6 The degree of slag hydration derived using a combination of XCT and volume analysis
applying the same methodology published in Astoveza et al., 2020 [18]. Illustrated in this figure are
the major steps in the estimation including: (1) the 2D reconstruction of the scans; (2) threshold
segmentation to distinguish the slag particles; (3) 2D binary images based on the previous step; and (4)

generation of the 3D volume render where the degree of hydration was calculated from

On the contrary, the effect of the CAC/HH ratio to the degree of slag hydration remains inconsistent.
For the blends without the PC, it appears that there was no significant difference in the slag reactivity
regardless of the CAC/HH ratio. On the other hand, the increase in the HH content in the blend (lower
CAC/HH ratio) containing 30 % PC appear to have contributed to the reactivity of the slag. The trends
observed here are consistent with the strength evolution of mortars presented in the preceding section.

In the first 28 days, strength development was more notable for the PC containing formulations but this
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was reduced towards 180 days of hydration. This suggests that the activating effect of the PC addition
could be limited to the early-stage (<28 days) of hydration. More evidence to support this will be

discussed in the succeeding sections.

3.3 Early hydration reactions

The early age of hydration is described through the heat flow and cumulative heat release obtained from
isothermal calorimetry shown in Figure 7. Formulation A, the only binder among the three without PC,
exhibited two main hydration peaks determined in the previous studies [14,18] to correspond to the rapid
dissolution of hemihydrate leading to gypsum precipitation (first peak at around 1 hr) and the massive
ettringite and AH3 precipitation (second peak before 3 h). The third peak observed in the original
formulation (4.5CAC-HH) [18] associated to the formation of monosulfoaluminate as the sulfate source
is depleted, is not detected in the first 7 days of hydration. This is a clear initial indication that the higher
HH content of the formulation A compared to the original formulation shifted the hydrate phase
assemblage from a monosulfoaluminate-dominated to an ettringite-rich system. The rapid formation and
the stability of ettringite in this formulation is further reflected by the fast increase in the cumulative
heat release release in Figure 7b. It can be seen that the maximum heat was achieved by the formulation
A at a faster rate compared to the formulations B and C both containing 30 wt% of PC. On the contrary,
periods of stagnation in the increase of the cumulative heat release were noted in the PC-containing
formulations before the final total heat is achieved. This can be explained by the mechanism of ettringite
barrier layer formation proposed in Torréns-Martin, Fernandez-Carrasco et al., 2013 [7] suggesting that
the ettringite layer formed around the anhydrous grains provisionally delays the silicates (mainly CsS
and C,S) hydration. The barrier formation is proposed to have a retarding effect to the diffusion process
such that momentary plateaus (Figure 7b, see formulations B and C) are visible in the cumulative heat
release curves. The heat continues to increase only when these barrier layers are broken during the
conversion of ettringite to monosulfoaluminate. This reaction can happen in multiple stages, one among
which is attributed to the broad peaks observed for formulations B and C in Figure 7a commencing at
around 8 h and 4 h respectively. Furthermore, the difference in the hydration mechanism between the
PC-containing formulations (B and C) is evident in the heat flow curve with the formulation B yielding

3 distinct peaks as opposed to the 2 main peaks of the latter. The complexity of the blends makes it
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difficult to distinguish the overlapping peaks and associate them to specific reactions as the hydration
proceeds. In the end, it is evident that the incorporation of PC and the variation in the CAC/HH ratio
among these blends resulted in differences in the mechanism of early hydration reactions. At this point,

it is not clear whether these differences have an impact on the slag dissolution in the first hours of

hydration.
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Figure 7 (a) Heat flow and (b) cumulative heat release per gram of paste measured ex-situ using

isothermal calorimetry at 20°C

3.4 Phase assemblage evolution over time

To examine the phase assemblage evolution of hydrated paste samples, the results of XRD, TGA and
ATR-FTIR are presented and discussed in this section. These techniques consistently indicate that the

three formulations are governed by a hydrate system different from each other, briefly described below:
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Figure 8 XRD patterns of formulation (A)1.6CAC-HH and its corresponding cement reference
measured from paste samples after stopping the hydration at 1, 7, 28 and 180 days of curing. The
different phases are abbreviated as follows: (Ett) ettringite, (AFm) AFm, (Ms) monosulfoaluminate,
(Geh) gehlenite, (Gyp) gypsum and (Wue) wiistite.

From the XRD patterns in Figure 8, strong ettringite peaks are observed, resulting from the hydration
of monocalcium aluminate, the main component of CAC, and the HH. Throughout the curing period,
there was no apparent change in the patterns (nor indications of new Fe-containing hydrates) signifying
the stability of the ettringite formed in this system and supporting the low reactivity of the slag (Figure
6) in the first 28 days of hydration. The results are consistent with the evolution of DTG curves (Figure

9) and the FTIR spectra (Figure 12) displaying steady ettringite signatures throughout the curing period.
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Compared to the cement reference, the only notable difference is the less apparent peak associated to
gypsum at 20 = 20.8° for XRD and at 160°C for DTG for the slag-containing formulations early in the
hydration. While the presence of gypsum in significant proportion is not typical at this stage, this could
be related to the previously observed [29-31] localized embedment of gypsum in confined aluminum
hydroxide matrix. Gypsum and ettringite formed in the early hours of hydration could be wrapped
around gels of aluminum hydroxide, inducing high supersaturation and could eventually lead to a
buildup of crystallization pressure in confined matrices [32]. This process could be a relevant factor in
explaining the higher expansion of the reference versus the slag-containing formulations in the first
hours of hydration. However, the growth of crystals in confined space is not thermodynamically favored
and eventually the gypsum dissolves and diffuses towards the open space [29]. From the XRD (Figure
8) and DTG (Figure 9) results, the gypsum signals diminish after 1 day of curing. The addition of the
slag and the PC, could clearly influence this reaction as no similar signature of gypsum was detected for
the other formulations. While more dimensionally-stable mortars were obtained with the addition of the
slag, it could not be directly credited for the superior mechanical performance of formulation A versus
those of the PC-containing formulations, B and C. Instead, the slow increase in the total bound water
content (Figure 9) over time, consistent with the strength evolution, could indicate that the mechanical
performance was more likely contributed by the hydration of CAC and HH resulting in a stable

ettringite-dominated phase assemblage rather than this being a consequence of slag addition.
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Figure 9 Evolution of the DTG curves of formulation (A)1.6CAC-HH and its corresponding cement
reference measured from paste samples after stopping the hydration at 1, 7, 28 and 180 days of curing.
The different phases are abbreviated as follows: (Ett) ettringite, (AFm) AFm, (Str) stritlingite, (Gib)

gibbsite, (Gyp) gypsum and (Hdg) hydrogarnet

With the addition of the PC in the system, distinct changes in the patterns could be noted especially for
the formulation (B) 1.6CAC-HH-30PC having the highest degree of slag hydration according to the
XCT analysis (Figure 6). In this formulation, the changes were evident mainly from 1 to 7 days of
hydration consistently observed among the three characterization techniques. For instance, in the XRD
patterns we can see the appearance of the stritlingite peak at 20 = 7° and 21.2° after 7 days and the
changes in the pattern in the peaks between 29°-30° where several silicate phases coincide. These
changes could be relevant to slag reactivity considering the substantial role of the silicates from the slag,

governing the formation of strétlingite and the consumption of gehlenite from the CAC [18]. It is clear
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376  that the complex nature of the hydrate phase assemblage of the systems in this study, notably the
377  presence of several amorphous phases, requires characterization techniques far beyond the conventional

378  XRD and TGA techniques explored in the preceding study.

Ett,
Ett Ett Ce. Ns
. CSH  Wud™ CSH
. Geh Ms Geh
Ms St C3S

C3S Geh CH
AFm CH| Hde oM CH H Hdg
e ML AL ANV NG

relative intensity (a.u.)

5

A v/ ve NI P NN NE AL

2:9 tl J_/V\ ‘ W‘\/ A o NG fﬁ) \% « \‘J\ME
A L’\ f \Jﬁ\ fi Y 71 <

7 days AT & "’/ \ e A bl
' days va,\‘_\; \ oY vtind N /\\J N :
| %)

;i‘J ﬂfw\;”\‘ /\J\

i

i NN /S Nl o g NIk =l

T T T T T r T T r T T T T T T T T

567 8 91011 18 19 20 21 22 23 24 28 29 30 36 37 38 39 40 50 51 52 33 54
379 28 Cu(® 0 e reference

380 Figure 10 XRD patterns of formulations (B)1.6CAC-HH-30PC, (C) 4.5CAC-HH-30PC and their

381 corresponding cement references measured from paste samples after stopping the hydration at 1, 7, 28

21



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

and 165 days of curing. The different phases are abbreviated as follows: (Str) stritlingite, (Ett)

earmonosulfoaluminate, (C3S) alite, (Geh) gehlenite, (CSH) C-S-H, and (Wue) wiistite.

Although the DTG curves could give an indication on the evolution of the amorphous phases, the overlap
of the ettringite and C-S-H region for instance poses a challenge in differentiating their individual
contribution. Nonetheless, for the partly amorphous phases such as gibbsite in formulation B, the DTG
curve remains helpful in indicating its presence at 1 day with the peak at around 270°C (Figure 11).
This peak diminishing towards 7 days of curing suggesting gibbsite’s dissolution and transformation
into other hydrate phases. Whereas gibbsite is stable in the ternary binder of CAC-HH-slag such as in
formulation A, the formation of CH in formulations B and C resulting from the hydration of PC
destabilizes the gibbsite in the system. This is because CH and gibbsite cannot co-exist
thermodynamically and thus favoring their dissolution with several possible reactions in function of the
other phases present in the solution as reported in Bizzozero and Scrivener, 2014 [6]. In this case, it is
most likely that the CH and gibbsite reacted with C$Hy to form additional ettringite.

Another notable observation from the DTG evolution (Figure 11) of formulation B are the small
variations in the peak position between 90° and 140°C where ettringite and C-S-H overlap. These
deviations over time and between the slag-containing and the reference formulations indicate the
difference in the proportions of the two hydrate phases in the samples. The peak shifts could also signal
changes in the composition of the hydrates, particularly the C-S-H gel [33] that could be interpreted as
an early indication of the nature of the Fe-bearing hydrate to be discussed in more detail with the results
from the TEM-EDS analysis. Furthermore, the evolution of the total bound water content of the slag-
containing formulation B differs from that of its reference formulation. Whereas the reference
formulation appears to have quickly obtained its maximum bound water content in the first 7 days of
hydration, the respective value for the slag-containing formulation continues to increase significantly
for the slag-containing formulation throughout the observed period which could be another indication

of the slag dissolution’s effect on the hydration reactions.
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Figure 11 Evolution of the DTG curves of formulations (B)1.6CAC-HH-30PC, (C) 4.5CAC-HH-

30PC and their corresponding cement references measured from paste samples after stopping the

hydration at 1, 7, 28 and 165 days of curing. The different phases are abbreviated as follows: (Ett)

ettringite, (CSH) C-S-H, (AFm) AFm, (Str) stritlingite, (Gib) gibbsite, (Hdg) hydrogarnet, and (CH)

portlandite.

While the notable changes in the XRD and DTG patterns occur between 1 to 7 days for the formulation

B, the variations in formulation C are more evident between 7 and 28 days of curing. Despite having a

different hydrate phase assemblage as opposed to the C-S-H- dominated formulation B, the stritlingite-

dominated formulation C similarly exhibits evolution chiefly in the range of 20 = 29°-30° (Figure 10).

An increase in the amount of C-S-H is manifested by the peak shift from 101°C (ettringite) to 118°C
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(C-S-H) in the DTG curves from 7 to 28 days of curing. Clear variations in the AFm-stritlingite region
(Figure 11) are observed for both formulations B and C from 1 to 7 days and from 7 to 28 days of
curing, respectively. The peaks in this region continue to change significantly for formulation C after
165 days of hydration. Assuming that these reactions are mainly influenced by the slag hydration, these
findings could suggest that the CAC/HH ratio has an influence not only in the extent (as seen in XCT)
but also in the kinetics of the slag reaction, such that the slag reacts faster in the PC-containing system
with more HH content. Nevertheless, further evidence of the slag reaction complementary to the XCT
results is warranted not only to affirm the slag reactivity but also to understand the mechanism of the
slag hydration. It is also important to note that discerning the evolution of the AFm phases was not
straightforward due to: (1) the poorly-ordered structure of some of the AFm phases (i.e.
monosulfoaluminate [34]); (2) their variable structure; and (3) their reported sensitivity to desiccation

during sample preparation which could lead to shifts at the diffraction peak patterns [35].
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Figure 12 ATR-FTIR spectra of the three formulations with their respective cement references
measured from paste samples after stopping the hydration at 1, 7 and 28 days of curing (a). The
previously presented ATR-FTIR spectra (in solid red line) of the raw slag used is superimposed with
intensity adjustment to the spectrum of (B) 1.6CAC-HH-30PC in an attempt to illustrate a possible

scenario of peak shift due to slag hydration (b)

Table 4 presents the ATR-FTIR band assignments based on the distinct spectral peaks in Figure 12
observed from the hydrated paste samples. As previously mentioned, these results support the phase
assemblage of the three formulations proposed based on XRD and TGA analyses. The spectra for
formulation A are chiefly dominated by the asymmetric stretching band of S-O at 1115 cm™! and the Al-

O vibration band at 523 cm™ assigned to ettringite and gibbsite, respectively. Similar to the previous
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techniques, no significant change in the spectrum over time was observed. For formulation B, the
asymmetric stretching band of S-O for ettringite and C-S-H coincides at 1115 cm™. The additional peak
marked at 965 cm™! observed in formulation B is mainly attributed to the asymmetric Si-O-Si and O-Si-
O stretching vibration bands of C-S-H not present in formulation A. On the other hand, formulation C
is characterized by the Al-O vibration band at 965 cm™, Si-O-Al vibration band at 710 cm™ and Al-O
vibration band at 530 cm all chiefly attributed to one of the dominant hydrate phases in this
formulation: stritlingite. In addition to these bands, the Si-O-Al asymmetric stretching band at 1150 cm
! assigned to stritlingite can be observed to cause the broadening of the peak centered at 1115 cm’!

particularly towards the higher wave number axis.

Table 4 FTIR band assignments based on the distinct spectral peaks observed from the hydrated paste
samples. Due to the overlapping peaks in the complex phase assemblage, only the strong (s) intensity
bands are designated to the different relevant phases. The data presented is compiled from several
references [7,24,36—39] individually specified and compared to the spectra obtained in this study. The
different phases are abbreviated as follows: (Ms) monosulfoaluminate, (Ett) ettringite,

(Str) strétlingite, (CSH) C-S-H, (Gib) gibbsite, and (Hdg) hydrogarnet.

Bond Primary contributor Wave number (cm™) Reference
O-H Ms/Ett/Str 3432 Horgnies et al., 2013 [24]
1660 Horgnies et al., 2013 [24]
S-O Ett/Ms 1115 Horgnies et al., 2013 [24]
Si-O-Al  Str 1150 Okoronkwo, Glasser 2016 [36]
710 Zapanta et al., 2020 [39]
Si-O CSH 965 Guan et al., 2013 [37]
anhydrous silicates 521 Torréns-Martin et al., 2013 [7]
Al-O Gib 1021 Schroeder 2002 [38]
972 Schroeder 2002 [38]
751 Schroeder 2002 [38]
Str 965 Okoronkwo, Glasser 2016 [36]
Hdg 810 Horgnies et al., 2013 [24]
Ett 857 Horgnies et al., 2013 [24]
Gib/Ms/Str/Hdg 523-537 Horgnies et al., 2013 [24]
Hdg 521 Torréns-Martin et al., 2013 [7]

Throughout the 28 days curing period, the only discernible change in the spectra in function of time
among the three formulations is observed for formulation B in the proximity of the Si-O asymmetric

stretching band at 965 cm™! assigned primarily to C-S-H. This same region coincides with the Si-O-T
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(where T could be Al, Fe or Si) asymmetric stretching vibration band of the raw slag previously
presented in Figure 2 and further illustrated in Figure 12a by superimposing the spectrum of the raw
slag in the 1-day-spectrum of formulation B. It is proposed that a peak displacement demonstrated in
Figure 12b could have occurred more evidently between 1 and 7 days in formulation B where the slag
hydration degree is the highest according to XCT estimation (Figure 6). The disappearance of the gaps
(red double arrows) in the superimposed spectra in Figure 13 could be interpreted as a possible
consequence of peak displacement towards the higher wave number, causing the unreacted slag peaks
to be concealed in the adjacent areas. This suggested peak shift is postulated to be related to the
mechanism reported in Siakati et al., 2020 [22 ] indicating the reactivity of Fe silicate slags as precursors
to inorganic polymers. It was explained that this peak shift could be related to the partial oxidation of
the Fe?* in the slag to Fe** incorporated in the silicate networks and similarly to the incorporation of Fe
in trioctahedral layers of the binder [22]. This has also been noted to be accompanied by a slight shift of
the Al-O peak to a lower wave number as the Fe atoms partially replace Al thereby distorting the lattice.
The higher atomic mass of Fe (55.8 amu) versus Al (27 amu) and the changes in the number of non-
bridging oxygen (NBO) are described as the principal factors making the vibrational frequency (or the
wave number in FTIR) lower [40,41]. While this peak shift is easily distinguishable in inorganic
polymers, the complexity of the spectra of the cement components (CAC and PC) and their hydrate
products makes the analysis more intricate for the systems investigated in this study. It is possible that
the observed changes in the spectra originate from other hydration reactions occurring simultaneously.
This limitation calls for the need to identify and characterize the actual hydrate phase incorporating Fe,

the main and distinct component of the slag, using TEM presented in the following section.
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Figure 13 Superimposed ATR-FTIR spectra of formulation (B) 1.6CAC-HH-30PC and the raw slag;
with an insert graph focusing on the region where the peaks of the unreacted slag are expected. It aims
to highlight how the gaps (red double arrows) formed over time could be an evidence of the proposed
peak-displacement scenario signifying slag hydration.

3.4 The fate of Fe in the hydration

Several TEM images of the slag-containing paste formulations at different curing ages are presented in
this section. The percentages indicated pertain to the elemental atomic composition estimated from EDS
analysis, unless otherwise specified. Most of the selected images show phases where Fe is detected in
the hydrated samples. For all 3 formulations, there was no evidence of Fe incorporated in ettringite,
stritlingite, nor in AFm crystalline phases contrary to the stable Fe-bearing hydrates suggested in
previous studies [42,43]. Instead, Fe was detected in intermixed hydrate gels with distinct compositions
mainly associated with Ca, Al and Si. In the following analysis, the term “gel” is used to describe the

Fe-containing intermixed phase considering its morphology and poor crystallinity. Although the gel is
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clearly a part of the solid binder, the use of this term is adapted from Cuesta et al., (2017) [44] and
related literature [45,46] where amorphous aluminum hydroxide gels are characterized in calcium
sulfoaluminate cement systems.

The atomic composition of the marked areas in the TEM images estimated with the EDS analysis can
be referred to in Table A.1 (Appendix). Only the atomic percentage of Fe is indicated in the images to
avoid interpretations implying direct quantitative correlation of the estimated values to the absolute
composition of the phases. Aside from the technique’s inability to detect or accurately quantify elements
with low atomic mass number [47], it is critical to highlight the sensitivity of the hydrates in contact
with the electron beams demonstrated in Figure A.1 (Appendix).

In the TEM images of formulation A (Figure 14), the general phase assemblage viewed on the micro
scale revealed needles of different sizes appearing to dominate the system. This needle-like morphology
was also detected in the other formulations with atomic ratios confirmed through EDS (i.e. B9, C6, C7)
typically corresponding to that of ettringite. However, no significant signals of Fe were detected in these
needles. On the other hand, only <1% of Fe was estimated at 28 days in the Al-rich (Figure 19) gels in
formulation A. After 180 days, the average Fe detected increased to about 3-4% while generally

maintaining the ratio between the other elements.
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sample after 28 days of hydration. The area diffraction pattern of the gel B1 is also presented in the
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Figure 17 Selected TEM images from the (B) 1.6CAC-HH-30PC paste sample after 150 days of

hydration

In the PC-containing blends, B and C, the gels where Fe was detected exhibited granular (i.e. B4, B6)
and foil-like or fibrous (i.e. C1, C3) morphologies similar to those previously reported for C-S-H [48].
Having detected Ca, Al, and Si (see Appendix) in these hydrate gels, it is convenient to associate them
to C-S-H at first glance. The selected electron diffraction pattern for B1 (Figure 16) also confirmed the

poorly-crystalline to amorphous nature of this phase with the absence of clear diffraction spots.
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However, compared to C-S-H, the Al estimated was significantly higher depicted in the ternary diagram
in Figure 19. In the first 28 days of hydration, slightly higher signals for Fe (= 2-4%) were detected
during the EDS analysis for the gels in formulation B compared to those in formulations A (< 1%) and
C (1-2%). While this could be supported by the higher slag hydration degree in formulation B estimated
through XCT (Figure 6), the differences in these values from the EDS analysis might be too small to
draw accurate conclusions. Towards 150 days of curing (Figure 17), a more significant increase in Fe
signal (3-8%) was observed in the gels. This could be a better, though indirect, indication of higher slag

hydration at longer curing time parallel to those proposed from the previous techniques in this study.

02um  (.9% Fe

9 %

ettringite

100 nm
—

(C) 4.5CAC-HH-30PC_28 days
Figure 18 Selected TEM images from the (C) 4.5CAC-HH-30PC paste sample after 28 days of

hydration

Furthermore, characteristic plate-like morphology corresponding to strétlingite was abundantly detected
in formulation C, supporting the general phase assemblage proposed using the earlier techniques.
Although monosulfoaluminate can also exhibit a similar plate-like morphology, it was verified through
EDS analysis that those abundantly observed in the samples and marked in the images were stritlingite.
Figure 18 d shows plates of stritlingite (C4 and C5) with very low signals of Fe likely coming from the
small inclusions of the hydrate gels in the same analytical volume. Unreacted wiistite from the raw slag
in its distinct dendritic structure was also observed (Figure 17 B8) intermixed with other phases. The
presence of wiistite highlights the earlier remarks that only the (92 wt%) amorphous fraction of the slag
is dissolving during the hydration [18]. EDS analysis on a region of Fe-containing hydrate gel (Figure
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17 B7) in close proximity with the wiistite demonstrates the highly contrasting Fe signals detected
between the crystalline fraction of the unreacted slag (wiistite) and the hydrate gel. This demonstrates
the precision of the EDS in analyzing different phases on a nano scale. While the intermixing of phases
due to the complex nature of the samples could not be completely eliminated, TEM still yields more
precise analysis compared to the SEM used in the previous study [18]. In order to further increase this
precision, the future work of the authors will be focused on characterizing these gels by creating nano
scale elemental maps using a scanning transmission electron microscopy (STEM). This is also expected
to detect any inhomogeneity in the distribution of the Fe within the gels considering that in some of
these phases, thicker regions only several nanometers in size (i.e. A8 in Figure 15) could be seen
enfolded within the matrix.

Finally, the atomic compositions of the hydrate gels (with 1-12% Fe) from the three formulations are
plotted in a ternary diagram of Ca-Si-Al in Figure 19. It can be seen that the gels from the PC-containing
formulations (B and C) could be grouped in a separate cluster from those of formulation A without PC.
The former appears to incorporate Fe in Ca-Al-Si rich hydrate gels while the latter in Al-rich gels. As
the hydration progress from 28 days to 150/180 days, the gels display a general tendency to move
towards region of lower Ca content. A similar trend on decreasing Ca/Si ratio in C-S-H has been
previously observed with the addition of siliceous SCM [49-51]. This trend could be linked to a similar
mechanism as in the Fe uptake in the interlayer of C-A-S-H gels in octahedral coordination,
demonstrated in Mancini et al., 2020 using *Si NMR and XAS spectroscopy [52]. However, the Al
content found in these gels was excessively elevated compared to those previously reported [53,54] to
be thermodynamically stable for C-A-S-H gels shown in Figure 19. This once again challenges the
homogeneity of the Fe-containing gels, implying that there might still be intermixing on the nano scale
and that other Fe-incorporating hydrate phases might remain unidentified within the gel matrix. Apart
from the aforementioned limitations of the TEM, the number of data points in the ternary diagram is
also most likely insufficient to reveal the identity of this phase. Nonetheless, the results of the
investigation draws the focus on the hydrate gels rather than on the reported [42,43] Fe-containing
crystalline phases (i.e. ettringite, AFm, hydrogarnet). No evidence of Fe incorporation in the later phases
was encountered using TEM in the cement systems studied. It is possible that other factors, such as the
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presence of minor impurities and the kinetics of hydration, could have an impact to the hydration
mechanism of the slag causing the difference in the fate of Fe from the aforementioned reports based on

synthetic and modelled systems, versus that in the blends presented in this study.

= (A_28 days) 1.6CAC-HH Ca (at%)
o (B 28 days) 1.6CAC-HH-30PC
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(A_180 days) 1.6CAC-HH with OPC

c(B_150 days) 1.6CAC6HH-30PC
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Figure 19 Ternary diagram of Fe-containing hydrate gels with 1-12% Fe observed using TEM. The
values are calculated from the Ca, Si and Al atomic composition from TEM-EDS normalized to 100%.
Reference points for gibbsite, stritlingite, katoite and Si-hydrogarnet are added in the diagram based
on their empirical formula while the C-A-S-H region is estimated based on the reported stable

composition in Portland cement system [54].

4 Conclusions

This study provided abundant information on the properties of CAC-based ternary binders incorporating
Fe-rich NFM slag. It demonstrated the influence of PC addition to the slag hydration; highlighted the
effect of slag addition to the dimensional stability of mortars; and finally provided insights in the fate
Fe during hydration.

The evolution of the mechanical strength was consistent with the estimated degree of slag hydration
from XCT. The slag-containing formulation B, with 30 wt% PC and a lower CAC/HH ratio at 1.6,
exhibited the highest strength development trend relative to its reference formulation over 180 days of
curing. For the same formulation, the highest degree of slag hydration after 28 days at 33 % has also
been estimated using XCT. The addition of PC in two of the formulations in this study resulted in higher

estimated slag hydration degree and an overall increase in the mechanical strength relative to their
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reference formulations in the first 28 days. However, the PC addition did not seem to alter the overall
hydration degree and mechanical performance at longer curing ages (= 6 months).

Furthermore, the slag addition contributed to the dimensional stability of the mortars particularly in the
formulations where over-expansion was observed. While this improved stability was mostly due to the
dilution of the more reactive components (CAC, PC and HH) in the dry mix, this positive contribution
of the slag addition proved to be critical for the physical property of the binders.

On the other hand, the chemical contribution of the slag hydration was investigated by following the
phase assemblage evolution of paste samples over time. Results from several characterization techniques

indicated that the three formulations studied were governed by distinct hydrate systems, namely:

(A) 1.6CAC-HH - dominated by ettringite and gibbsite throughout the curing period
* (B) 1.6CAC-HH-30PC — dominated by ettringite and gibbsite; stritlingite is increasing over
time; possibly with C-S-H
e  (C)4.5CAC-HH-30PC- dominated by strétlingite and monosulfoaluminate; possibly with C-
S-H
Despite the abundance of information from XCT, TGA and ATR-FTIR, it was not possible to clearly
define the impact of these different hydrate systems; nor to identify the fate of Fe from the slag during
hydration only based on these techniques. For this reason, TEM-EDS analysis was employed to identify
and characterize the hydrate phase/s incorporating Fe. For all the 3 formulations, there was no evidence
of Fe uptake in ettringite, stritlingite, nor in other AFm phases contrary to those reported in previous
studies on synthetic and modelled systems. Instead, Fe was detected in hydrated gels grouped into two
clusters: Al-rich gels in formulation A (no PC addition); and intermixed hydrate gels associated with
Ca, Al and Si in formulations B and C (with 30 wt% PC). Further complementary analyses remain
crucial in describing the structure of these gels particularly the role of Fe in the network, which will be

the focus of an upcoming study.
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796  Appendix
797  The table below lists the atomic compositions estimated from the EDS analysis of marked areas in the
798  TEM images presented in Figures 14-18. The absence of measurement due to undiscernible peaks for

_%

799  some of the elements are indicated by “-.

800 Table A. 1 The atomic composition of the marked areas in the TEM images (Figures 14-18) estimated

801 with the EDS analysis
At. % Fe Ca Al Si S Mg K + Na O Sum
Al 0.6 5.1 342 2.0 1.3 1.3 0.1 55.4 100.0
A2 0.9 6.6 30.2 1.9 1.3 14 0.1 57.6 100.0
A3 0.8 3.6 28.9 23 1.0 1.1 0.2 62.1 100.0
A4 1.0 9.7 26.2 23 1.9 0.8 0.2 57.9 100.0
AS 0.8 13.8 43.0 2.1 54 1.0 0.4 33.6 100.0
A6 1.7 5.0 24.0 9.9 1.8 1.4 1.0 55.4 100.0
A7 4.8 29 33.6 4.1 0.5 29 22 49.0 100.0
A8 34 6.2 48.6 3.7 14 1.3 0.1 35.1 100.0
A9 2.7 1.3 37.2 4.5 0.2 2.7 1.8 49.6 100.0
Al0 0.8 0.9 333 1.6 0.4 2.0 1.0 60.0 100.0
All 14 1.3 347 1.5 0.4 2.0 1.5 57.0 100.0
B1 32 10.4 6.6 8.6 0.3 - - 70.9 100.0
B2 29 11.0 9.2 104 0.2 - - 66.2 100.0
B3 2.0 9.1 10.5 8.2 0.2 - - 70.0 100.0
B4 22 9.8 44 6.6 0.2 - - 76.8 100.0
B5 7.6 17.3 6.6 17.8 0.8 0.4 0.7 48.7 100.0
B6 4.4 16.6 8.8 22.6 1.1 0.1 1.3 45.2 100.0
B7 29 9.9 4.1 16.2 0.5 0.2 0.9 65.3 100.0
B8 35.1 3.7 34 3.2 0.1 1.2 0.4 53.0 100.0
B9 0.2 24.5 8.1 1.2 6.7 0.0 0.6 58.8 100.0
B10 4.0 11.3 4.1 15.0 0.3 1.9 1.1 62.4 100.0
C1 10.2 16.2 7.7 16.8 0.8 55 0.5 42.4 100.0
C2 33 17.1 12.2 10.3 3.6 9.6 0.6 433 100.0
C3 0.9 15.7 5.6 19.5 0.7 0.1 0.5 57.0 100.0
Cc4 0.8 18.2 16.7 8.8 0.6 0.3 0.6 54.1 100.0
C5 1.0 16.7 16.1 8.9 0.5 0.7 0.5 55.7 100.0
Cé6 0.2 30.5 10.7 1.0 7.3 0.1 0.6 49.7 100.0
C7 0.2 29.8 9.2 1.2 7.8 0.0 0.8 51.1 100.0
802

803  Itis important to note that these values should not be taken as quantitative measures of the composition
804  of the phases. Rather, they are indicators of the average proportions of the elements interacting with the
805  electron beam. Elements, particularly hydrogen and carbon, which are critical components of several
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806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

phases in the cement systems are too light (low atomic mass number) to be detected in the EDS analysis.
Oxygen, also a light element, is often erroneously estimated.

Another important consideration in interpreting the atomic composition is the sensitivity of the hydrated
samples in contact with the electron beams. This is demonstrated in Figure A. 1 where gels are shown
to disintegrate right after the EDS analysis. While this facilitates differentiation of the (more sensitive)
hydrates from the anhydrous phases in the blend, this could also greatly modify the estimated atomic
percentages as some of the components could possibly disintegrate even during the scan. Nonetheless,
expressing the values in terms of atomic percentage allows calculation of molar/atomic ratios of
relatively heavier elements especially Ca, Si and Al as in the ternary diagram (Figure 19). When
presented in ratios, they become more reliable references for phase identification. The atomic percentage
of Fe indicated in the following figures should be taken as an indicator of the presence of Fe rather than

an absolute composition.

10.9% Fe

100 nm
—

100 nm 100 nm
— —

Figure A. 1 TEM images before and after EDS analysis of Fe-containing hydrate gels
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